New generation of metallic implants through capability of absorption within biological environment has been introduced in recent researches. Although, magnesium implant with proper biocompatibility has been proposed as biodegradable metallic implant, its insufficient mechanical attributes must be enhanced for implantation within human body. Laser shock peening has been successfully conducted for modification of magnesium implant. Overall, laser shock peening can be performed by low repetition rate (less than 30 Hz) and high power pulsed laser which needs expensive devices. In order to laser shock peen magnesium alloys that have a lower mechanical strength, it is better to use high repetition pulsed laser which is much faster and economical. Recently, high repetition rate laser shock peening of magnesium has been theoretically found feasible in previous research of authors. In order to validate occurrence of high repetition rate laser shock peening, changes in surface topography and hardness are evaluated on the magnesium specimens.
Introduction
Complications of second surgery for removal of permanent implants were the original idea to propose a new generation of biodegradable implants. Recently, magnesium based alloys have been identified as a potential degradable alloys [1] . These biomaterials could be excellent materials in terms of biomechanical aspects, have comparable mechanical strength to bones and have privilege of avoiding stress shielding [2] . However, in order to fix broken bone, fixators having sufficient mechanical strength are required. Otherwise, subsequent breakage of the treated bone can occur [3] . Increasing compressive residual stress (CRS) is the advanced methods that has been introduced for enhancement of mechanical attributes. Due to numerous exclusive merits, laser shock peening (LSP) has been recommended as a potential method for creation of CRS upon the specimen surface. Deeper and higher magnitude of CRS achieved with LSP [4] has desired performance of specimen in corrosive environment [5] . In addition, LSP has undeniable positive effect on fatigue strength of peened sample [6] . Currently, LSP is performed with high power low repetition pulsed laser [5] [6] 7] . High cost devices and low speed method are the main restrictions in LSP. Hence, it is appropriate to evaluate the possibility of high repetition laser shock peening (HRLSP) that is more economical and much faster as an alternative to LSP. For HRLSP, tight focusing of laser beam diameter to few micrometers, using appropriate confining medium, utilization of suitable protective coating and highly accurate adjustment of laser scan speed by a Galvo-mirror are proposed works in this manuscript. The fact that mechanisms of LSP and HRLSP has been based on the identical principles, similar to LSP the occurrence of HRLSP is recognized by a number of experimental methods such as measurement of changes in surface roughness, peening depth and hardness.
High Repetition Laser Shock Peening (HRLSP)
As long as the absorption of laser energy exceeds the material threshold, ablation is conducted and the material is transformed from solid to gas state, directly. The metallic gas captures adequate energy and its temperature increases drastically. Consequently, free electrons can be departed atoms and plasma is affected [7] . Plasma can generate a high pressure (GPa range) over the course of few nanoseconds. The achieved shock pressure can be calculated by the equations 1-4 [8] .
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= / (3) = (4) Where, P (GPa) is the shock pressure, Z (g/cm 2 .s) is the impedance of shock wave, E (J) is average energy of a pulse, τ (nanosecond) is laser pulse duration and D (mm) is the diameter of laser beam or spot size, α is a constant that is proportional to efficiency of laser absorption (if most of laser DOI: 10.2961/jlmn.2015.03.0010 energy absorbed by surface, α will be close to 0.1), A is spot size area, I is laser intensity in Gw/cm 2 , P w is average laser power in watt, f is repetition rate in Hz and Z C and Z S are the impedances of confining medium and specimen, respectively. ρ is density in g/cm 3 and U is velocity of shock wave and it is equal to sound velocity in cm/s within the material. Providing the shock load exceeds the Hugonoit Elastic Limit (HEL) [9] , laser shock peening will be effected. HEL is presented by equation 5
where ʋ is Poisson's ratio and is dynamic yield stress. Therefore, the principal term for laser peening is > , provided that pulse duration is adequately small and it should be proved by equilibrium in equation 6 [10] .
Where, µ and λ are lama constants, r 0 is radius of spot size and τ is pulse duration. 
2.1.Design of laser scanning system/specifications
In order to avoid multiple laser shots at the same point, the scan speed should be designed , properly. The required peening scan speed (S s ) without overlap along the y-axis, is achieved by equation 7.
Where, O p is percentage of overlap as displayed in figure 1 . between -10 to +10 volts corresponds to 24 º of motion range which provide a resolution 1.2 º /V. The DAQ is equipped with two analog outputs which provide the desired set points for motors. A LabView program has been developed to control the output voltage and subsequently the motor position. Each motor is responsible for 1 degree of freedom (DOF) movement of the laser on the work piece. A desired path is produced to cover evenly a 10 mm square on the work piece. For this, one of the motor is controlled using a triangular profile signal ( 
Peening specifications:
Excluding of effectivness of laser specifications on HRLSP, peening parameters such as strength of specimen, confining medium (CM) and protective coating (PC) have fundamental influence on occurance of HRLSP. The equations 2 and 4 define impact of CM on shock pressure. Quartz and glass with higher impedance (Z) compared with air, water and motor oil can increase Z c . Increasing of Z c leads raising Z and enhancement of shock pressure has been resulted. The figure 4 demonstrate significance of CM on enhancement of shock pressure, where applying of quartz and glass can creat highest shock pressure compared with other CMs. The figure has been drwan by carrying out of equations 1 to 5. The figure 5 indicates influence of PC on shock pressure. This figure shows that the maximum resulted shock pressure can be generated with beryllium foil as PC. Beryllium with the highest sound speed (12800 m/s), provide higher Z and according to eqaution 1, the shock pressure can be increased. Furthermore, lower density of beryllium as PC compared with specimen (magnesium) leads enhancement of shock pressure, as well. This phenomenon can be interpreted by mistmached theory in equation 9 [11] .
Where P 1 is shock pressure before the protective coating that is calculated by equation 1, ρ 1 is density of PC, ρ 2 is density of specimen and P 2 is resulted pressure. the figure 5 has been achieved by equations 1 to 5 and 9. More elaborate explanations, have been proposed in recent research of this manuscript authors [12] Even though beryllium can amplify the shock pressure, considering the cost of Be, PC has not been used in our experiments.
Design of Experiments (DOE)
In design of experiments, the significant parameters should be cosidered as involved factors. The equation 3 indicates the laser intensity (I) is one of important parameters which is varied by beam diameter (D). It must be noted that repetition rate, laser power and pulse duration have been assumed as constant parameters. In addition to D, number of scans ( the number of repeating shots at an identical point) and percentage of overlap are other variables in this work. Since, some portion of laser energy is absorbed by through passing of optical devices, the effective laser power should be determined. As shown in figure 6 at 60 µm spotsize is available for peening magnesium specimens, where glass with 1 mm as CM are clamped to specimens. To have grater effect of shock pressure, the interface between CM and surface of specimen should be reduced as possible, otherwise air can be considered as CM instead of glass and shock pressure declines, drastically. To reduction thickness of interface between CM and specimen, all specimens have been polished to mirror surface and surface roughness has been reduced to 0.25 µm. Considering the two variables for D (40 and 60 µm), three variables for number of scans (1, 2 and 3 scans) and three variables for %overlap (0%, 33% and 66%), 18 experiments must be performed. Hence, eighteen circular specimens (99.8%Mg-0.2%Ca) with 33 mm diameter and 6 mm thickness have been prepared for experiments as in table2. In the first three experiments 1-3, the spot size is maintained at 40 µm, peening overlap at 0% and the effect of number of scans 1, 2, 3 are studied. In experiments 4-9 the overlap was increased to 33% and 66% by varying the scan speed, as shown in figure 1. In the next 9 experiments, 10-18, the spot size is changed to 60 µm and the effect of reduction in intensity by increasing spot size diameter, percentage of overlap and number of scans are studied. In order to evaluate the occurrence of HRLSP on magnesium, three approaches are proposed in this research. a) Measurement depth of deformed rigions upon the specimen surface by WYKO NT1100 interfrometer and comparison of theoretical and experimental magnitudes. b) Measurement increasing hardness by MVK-H1 Mitutoyo micro-hadness tester. c) Measurement of changed surface roughness by WYKO NT1100 interfrometer and scanning electron microscopy (SEM).
Results and Discussion

Peening depth evaluation
Plastic deformation by laser peening leads to change in surface topography. This issue has been presented by previous research on magnesium [13] . Measurement of depth of peened regions and comparison with theoretical magnitude that can be calculated by equation 10 is one of the reliable methods for assessing HRLSP occurrence [10] .
Where, ε P is depth of peening due to one laser shot, P is shock shock pressure, µ and λ are lama constants those are 15.4 and 36.3GPa respectively for magnesium. It can be clearly seen that magnitude of peened depth 3 to 3.8µm from experiments is close to the theoritical magnitude with 3.97 µm. As the spot size increases to 60µm, this difference becomes 2 µm in figure 8.
The intensity has been reduced to 0.91 GW/cm 2 .The notable difference in experimental and theoritical results at 60µm spot size is caused by reduction in laser intensity,which is not sufficient for effective LP. Regarding 60 µm experiments, it can state there is a combination of peening and machining (surface melting). Furthermore, in both figures theoritical depth in all experiments are more than experimental results. Although, the measured laser power before the CM is 3.52W, hot plasma region reduces the CM transparancy. This means additional reduction in laser power after CM could be occurred and the real laser intensity is less than theory. In addition, oxidation of magnesium, forming a 5 µm thick layer [14] increases the hardness of magnesium which also increases the required pressure for peening. Therby, reducing the peening depth. This has been verified by conduction of micro hardness test immediately after polishing and the specimen that was used in experiment which shows increase in hardness from 38 to 45 HV due to oxidation. Though aforementioned reasons lead to reduction in shock pressure, the rest of the laser power has been adequate for peening at 40 µm spot size.
Hardness
Plastic deformation upon the specimen surface increases CRS [15] . The relation of hardness and CRS on magnesium has been observed in the literature [13] . Hence, notable change in hardness can be considered as an evidence to occurrence of HRLSP. Increasing laser intensity causes increase in plasma pressure resulting in higher CRS and hardness. The effect of scanning parameters (percentage of overlap and number of scans) on hardness can be realized in figures 9 and 10, where the X-axis indicates % overlap and Y-axis specifies Vickers Hardness for various number of scans compared with unpeened specimens. In figure 9 , it can be clearly seen that the hardness increases from 45 HV for unpeened sample to 60 HV for single scan at 0% overlap. This significant increase in hardness at single scan and 0%overlap can show the occurrence of laser peening. Note that, heat treatment (by laser heating) cannot be effective for enhancement of pure magnesium and it can be hardened by strain hardening that is created by cold working in laser shock peening [16] . Furthermore, figure 9 demonstrates increase in number of scans and percentage of overlap leading to additional increase in hardness. This is similar to another reported work on laser peening [6] . From figure 9 , the maximum achieved hardness is 103 HV that is 2.5 times higher than unpeened specimen. The comparable result has been reported in recent works on magnesium [13] . The figure  9 indicates that the hardness of 3 scans, 0% overlap is 74 HV which is close to hardness of 71 HV at one scan, 66% overlap. This is due to equal energy magnitude has been applied to the identical area of specimens by the same numbers of laser shots. This shows that, the increase in hardness is correlated to the magnitude of applied energy used for laser peening. Figure 10 demonstrates slight increase the hardness from 45 HV for unpeened specimen to 51 HV for single scan at 0% overlap. Additionally, increase in number of scans and percentage of overlap has a negligible effect, where the maximum achieved hardness is 59 HV that is just 1.25 times higher than unpeened specimen. Referring figure 4 , it can be seen that the increase in spot size from 40 to 60 µm, causes reduction in shock pressure. Consequently, the inferior shock pressure cannot create prominent cold working at 60 µm and lower hardness can be resulted. Therefore, even by increasing of number of scan and %overlap, enhancement of hardness in 60 µm experiments is not impressive.
Surface topography and roughness
A number of researches indicate that the controlled periodic shock pressure create uniform micro plastic deformation on the specimen surface [13] [17] . Figures 11  and 12 show SEM of the specimen surface after HRLSP at 40 and 60 µm spot sizes, respectively (enlarged image shown as insert in the images for clarity). At 40 µm, there is no melting and solidified material remains on the peened region and the uniform surface is produced after laser irradiation, which can be seen in the SEM scan in figure 11 . In lower laser intensity at 60 µm, it cannot see the same arrangement on the surface. The lower laser intensity cannot provide required energy to ablation and combination of LSP and laser surface melting (LSM) is created as shown in figure 12 . Note that, in LSM, the laser energy is just adequate for converting surface specimen from solid to liquid stage. Closer inspection of figure 12 , shows that the depth is shallower compared to peening at 40 µm and machined holes at the center of the spots could be observed. The melting that happens while machining causes solidified material to settle in the processed region which creates some disarrangement. In order to more study the surface, average roughness (R a ) of all 18 specimens was measured with WYKO NT1100 interfrometer. The results of these measurements are shown in figures 13 and 14 where the X-axis specify %overlap and Y-axis indicate the R a value. In figure 13 , it can be clearly seen that R a increases with increase in number of scans. For instance in 0% overlap peening, the roughness has an important enhancement from 0.35 (not peened) up to 2.6 µm (3 scans). Correspondingly, for 33% overlap, the R a enhances from 0.35 to 1.85 µm and for 66% overlap, it increases from 0.35 to 3.25 µm. It can also be seen that the R a increases with increase in percentage of overlap, when using single scan, from 0.8 µm (single scan 0% overlap) to 1.8µm (single scan 66% overlap). However, at multiple scans peening there is a reduction while the overlap has been 33%. Increasing the % overlap eliminates some peaks from the previous scan. However, at higher overlap of 66% further plasticized material is being driven to peening sides and R a increases. In figure 14 , the increase in R a is marginal for single scan regardless of the %overlap at 60 µm. The R a increases from 0.35 to 1µm in case of 66% overlap and 2 scans. Highest increase in R a from 0.35 to 1.8µm occurs at 3 scans, 66% overlap peening. At 66% overlap, 3 scans specimen this solidified material causes notable increase in R a .
Conclusion:
In this work, high repetition rate laser shock peening of magnesium is performed. To knowledge of the authors, this work is the first HRLSP on magnesium. The NdYVO 4 laser used for the experiments has a power of 3.52 W at 10 KHz repetition rate. The success of peening was evaluated by measuring depth of peening, change in micro hardness and surface roughness of peened samples in comparison to unpeened magnesium. Though at 60 µm spot size (I=0.91 GA/cm 2 ), the theoretical shock pressure is higher than the HEL of magnesium, evaluation of peening depth, hardness, and R a show that there is no appreciable increase in any of these parameters when compared with unpeened magnesium. Furthermore, the SEM images clearly show evidence of machining and solidified material at 60 µm. However, at 40 µm laser spot size (I= 2 GW/Cm 2 ) there is appreciable increase in hardness, and R a when compared with unpeened magnesium. This evidence shows effective laser peening at 40 µm. At one scan, 0%overlap, the depth of peening is calculated to be 3.97µm and the measured depth is 3.8 µm which is very close to theoretical value. The surface hardness increased from 45 to 103 HV which is very similar to the hardness achieved by other works on laser peening of magnesium. In addition, appreciable increase in R a from 0.35 µm for unpeened specimen to 3.3µm for peened specimen with a 40µm spot size. Also the SEM images clearly show evidence of uniform peening without any trace of machining or solidified material at this intensity. Hence, the occurrence of HRLSP could be could be proved at 40 µm.
